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ABSTRACT

The present rep rt presents the resulis of an investigation into
+he steady-stats performance of audio-freaquency magnetic amplifiers operated
from supplies of relatively large internal impadance. Foliowing a review of
the fundamental concepts of ferrumagnetism; two basic amplifier circuits are
analyzed (as iljustrative problems) under the assumption of ideal cr nearly
ideal components. Tre charactsristics of practically available components
are often very different from the ideal characteristics, and the effects upcn
performance of deviaticns from the ideal are qualitatively discussed.

When msgnetic amplifier application is extended from the amplifica-
tion of very slowly varying signals into the audio-frequency band, it becomes
necessary tc use carriers in the low radio-frequency range. The radical
changes in core materials and dimensicns, rectifiers;, supply sources and cir-
cuitry necessitated by this frequency increased are discussed.

It is shown that conventional magnetic amplifier circuits will not
operate satisfactorily from high-impedance supplies. Sevsral new circnaits
adapted for use with constant-current (infinite-impedance) supplies are in-
troduced, and, in part, analyzed. gxperimenial results representing a quali-
tative check of the theory are givan.

Pinally, a complete audic-freQuency smplifier is considered. 1Its
coperation 1s sxplained by theorstical reasoning and experimental data are
presented in verification of tha theorxy.
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T Introducticn

§i§to§3cal Outligg

Within the past half..dozen years there has heen 2 rcawarnening of
interest amongsti American engineers zrnd scientisis in a class of modulating
devices using saturable reactors as the basic nonlinear elements and, therefore,
usually calied magnetic amplifiers. T.ess frquently, the term "transductor" has
been used. particulsrly by European anthors.ls Numerous projects have been
directed towards research in the¢ theory and applications of these devices, and
magnetic amplifiers meeting a wide range of requirements are now commercially
available., It may be said in &il fairness, however; thet industry, and even
the engineering profession, are snly now recognizing the #ide possibilities
offared by this type »f amplifier. Nevertheless (a: has been mentioned in many
publications on the subject), the magnetic ampiifier is by no means a new de-
velopment.. At least its basic compencnt, the saturable reactor, was known and
used only a few yesars after the turn of the century and has been more or less
popular as a control device throughout the intervening fifty years. The de-
signation "magnetic amplifier" appears tc have bean used first about 1916 by
E. F. W. Alexanderson,3 who i35 famcus for having realized transatlantic ratio-
telephony through the use of high-frequency alternators. Alexanderson also
attempted to modulate the high- frequency cutput of his alternators oy means of
a magnetic device and thus 4id the first work towards the development of audio-
frequency magnetic amplifiers.

The advent cf the vacuum-tube doomed this approacn tc the generation
of voice-modulated radio waves to oblivion for many years. Although relativsly
inefficient, fragilie, and inherently short-lived, the vacuum tubs possesses ad-
vantages which otherwise make it nearly ideal as an amplifier component, par-
ticalarly when service conditions are nct overly severe or critical. The mag-
r.etic amplifier could not compsts at that time. & the name virtuelliy dis-
appeared from the literature.

Bibliography of Magnetic Amplifier Devices and the Saturable Reactor Art,
by James G. Miles, Proc. AIEE, Voi. 0, 1951. Also issued as Technical
Paper T-51--388.

[a¥]

Fcr exampls. see entries 421, 22, L¢3 of that oiblicgraphny.

A Maznstic Amplifier for Radic Telephony, by E. F. W. Alexanderson. Proc.
IRE, VoI, 4, Feon, 1915, p. 101. Xlso, a paper bearing the same title, by
E. F. W. Alexanderson and S. P. Nixdorff, Proc. IRE, April 1916, pp. 101-129.

Miles, op. cit., offers convincing evidencs.
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The development of dry metallic rectiriers and greatiy improved core
materials made eventually possibie the constraction of ampiifiers vastly super-
ior to those known in the sarly 1300's. German engineers apparently were the
first tuv apply these in military, naval, and aircraft instzllations. American
interest was aroused when records showed ti:at scme of these haa satisfactory
service-free opsrating records o!f several years.

The previcusiy unguestionsd supremacy of the electron tube is now
being challanged by both the magnstic amplifier and the transistor.” Clearly,
research in the latter two devices is not directed towards developing an overail
substitute for the tube, but rather towards creating amplifiers more suitable for
specific uses than equivalent elecztron-tube circuits would be. The phase of
research of which the present project is a part is aimed towards the development
of magneti< amplifiers, osciilalours, and more speciaiized circnuits suitable for
work at audic and radio frequenciecs.

Definition ¢f the Problem

Considerable progress has been made in finding satisfactory solutions
to ths basic problems of low-frequency magnetic amplifiers. Wnile nc single
method of analysis or design can bte sald to be universally accepted, a number
of approaaches which yleld theoretical resulis well in sgreement with experimen-
tal data do exist. The transient and steady-state performance with rscistive
and resistive~inductive load, methods of design; different circult arrangements,
and mamy applications have been discus3ed in large numbers of articles and
papers. (A comprehensive ATEE "Bibliography of Magnetic Amplifier Devices and
Ll Saturable Rsactor Art" lists 901 entries.) Discussions of applications in
the audio-frequency range are scarce, however, and st still higher freguencises,

use of magnetic amplifiers is an isclated phenomenon. The purpose of the pre-
sent investigation is uo extend o zocme degree the knowledge of magnetic ampli-
fier behavior in the audiov-frequency range.

Time limitaticns requiired the study to 5e restricted to steady-stats
performance only.

Originally it was intended to design and build amplifiers on the
model of those which had proven valuabie for Low-frequency work, to develop a
theoretical analysis of thelr steadyv.sztale bc"“ormance along the lines of ths
pepular ldeal analyses, aid ULiea wo corpare theoretical and experimental re--
sults., It becama apparent, howevar, during the courss of the investigation

\ﬂ.g

See, for axample: Som2 contributiins tc¢ transistor clectronics. by Members

of the Technical Staff of Bell Telephcne Laboratories, Inc. Bell System
Taechnical Journal, Vol. 28. on, 335-46%, July 19L9. Also, The Transistor,
Selected Referenre Material on “haracteristics and Applicaticns Frapared by
Bell Telephone lLaboratories, In:, for Western Electric Co., Inc., K. Y.,
1551,

9 Miles, op. cit.

Y LLE
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that most of the standard approximate methods break down when the special pro-
blems of high-frequency application are faced; and also that the usual circults
r~e inadequate unless rather extensively modified., In some respects the dif-
ficuliies are analogous %o those that arise in high-frequency vacuum-tube am--
plifier design and constructicn. But while with vacuum tubes the protlem of
amplifying 20 KC is only =lightly different from that of working with, say 10
¢.r.s.; with the magnetic amplifier, the entire approach must be altaered as the
signal frequency is increasad from very low values to cover the entire audio
range.

In particular, the power supplies that must be used commonly have
fgirly high internal impedance. Methods exdst for lowering supply impedance
to arbitrarily small values, but these involve the sacrifice of avallable out-
put voltage; or current, or of power supply eimplicity. It was decided not to
adopt these methods, but to examine the problem in the prasence of high supply
impedancs. The problem to which this thesis is devotaed is thus an investiga-
tion of the steady-state performance of audio-frequency magnetic amplifiexrs
operated from high-impedance supplies.

Method of Investigation

The present investigat.on has an experime: &l and a theoratical phnase,
of which the former is by far the most important. The analysis is prsedicated
upon -the fv-.damental laws governing lumped-constant electromagnetic systems.
These laws are applied to the case of the saturable reactor and yield nonlinear
differential equations. In the case ¥ the low-frequency eamplifier, these equa-
tiong c.n often oe sclved to give neat and concise results by the use of only
few, entirely realistic, assumptions. ’'Infortunately, as frequency is increased,
certair. effects which are initially quite negligible come into the foreground
to commplicate the provlem, so that the mathematical analysis becomds practically
unmgnageabls. Rather than to attempt to find laborious solutions involving
many gross approxmations, it was consequently decidad to focus attention pri-
marily upen the experimentally observabls behavior of the high-frequency am-
plifiar,

Experimental Apparatus

The following is a 1list of the major equipment used in the experimen-
tal phase of the investigation:

(1) High-Frequency Power or Carrier Supply.

The unii cmpleysd for this purvose was a Williamson audio-amplifier
built from a United Transformer Company ¥odel W-10 packaged kit.7 However, a

7 Completely described in Instruction Manuel for Williamson Amplifier Kit,

Model W-10, published by United Trensiormer Company, 150 Varick Street, N.Y.
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Freed Model 1958 output transformer was substituted for the UTC Model LS-61,
which had proved ursatisfactory. The wnit still had good cutput at 208 XC,
at wnich frequency it was ususlly used. In all cases, connections were made
to the S00-ohm tap of the output transformer.

' {(2) Audio-Frequsncy Powsr or Signal Supply

An amplifier with a 6L6 working through an audio-transformer in the
output stage was used to supply signal power at frequencies up to 20 KC. Con-
4 rnections were again made to the 500~ochm ap.

(3) Audio-Osciliator

A Hewlett-Packard Model 200 ¢ audio-oscillator usually furnished
diract drive for the signal supply. The carrier suppiy w-s driven from a separ-
ate Wien Bridge oscillatorg synchronized to the output of the Hewlett-Packard.

(L) Csrrier-to-Signal Synchronizer

This unit. cons=isting essentiaily of a driveun multivibrator, was in-
terposed between the Hewleti-Packard oscillstor and the Wien Bridge oscillator.
Its function was to fix the carrier frequency at integral rmltiple vaiues of
the signal frequency. It permitted cisar oscillographic presentation of the
modclated carrier and of complex hysteresis loops. The unit is more fully de-
scribed in Appendix I. ) ' TR : =

(5) Control and Bias Supply

D-¢c power for these purposes was taken from a motor-generator set,
and was varied bty use of potentliometars.

(6) Meters

Ordinary panel meters were usec for most measurements. Carrier and
gignal currents were measured with r-f milliammeters. Whenever thc carrier
current contained a d-c component, it was necessary to block it from the r-f
mster by means of a large d-c milliammeter arrangement.

(7) 9scilloscepe

A Tektronix Model S114 was employel for all critical observalions.
Oscillograms were recorded by means of a Dumont Type 295 Osciliograph-Recor«
Camera.

8

Waveforms, Vol. 17, MIT Radiation Series, p. 12QC.
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(8) Magnetic Cores
The experimental work was done with toroidal ferrite cores which were

kindly prepared by membars of the staff of ACA Laboratories at Princeston, ¥N. J.
Their characteristics are more fully described in later paragraphs.

{(9) Rectifisrs

Tvpe IN2L Sylvania or Kemiron germanium rectifiers were used for all
wark.

(10}. Resistors, Condensers, and Other Small Components’

No specia” care was taken in sgelecting these circuit elements, except
that carbon composition resistors were preferred to wire-wound units.

A block diagrem of the experimental setup is given in Fig. MRI-133L9.

- -

Summary of Conclusions

Most of the high-frequency supplies now commonly available have fairly
high internal impedance and the rectifiers usable at high frequencies have high
forward resistanze. Both properties are detrimental to good magnetic amplifier
performance. The mosi useful type of cores heve also relatively unsatisfactory
magnetic characteristics which adversely affect the performance and make mathe-
matical analysis unmanageable. Further wark towards the development of useful
high-frequency amplifiers should first of all be directad tcwards the develop-
ment of more satisfactory power sources, core materials, and rectifiars.

The Low~Frequency Magnetic Amplifier

4
4

Fundamental Considerations

4 subccmmittes of the American Institute of Electrical kEngineers has
adopted the following definition:

"A magnetic amplifier is a device using saturable reaciors either
alone cr in combination with other circuit elements to secure amplification or
control."?

The integrating circuit used for displaying hysterwsis loops consisted of a
100 K resistor in service with a 0.002 uf condenser.

Progress Repert cf the ALEE Magnetic Amplifier Subcommittee, Trans. AIER
1951;, po MS‘

33
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Although it will be shown later that, fcor an almost trivial reason,
the above dafinition is not logically complete, it nevertheless describes
accurataly the group of devicec now porularly krown as magnetic amplifiers.
The basic amplifier component is thus the saturable reactor. The rapid review
of a few well-known experimenial fecis will lead to an understanding of its
operation.

When a virgin (originally unmagnetized) fsrromagnetic body is sub-
Jacted to a monotonically increasing magnetizing force, the flux density within
the body at first increases almost in direct proportion to the magnetizing
force, but eventually the increase in flux density rroceeds more and more slowly
until finally the relation agaln beccmes linear, but with a slope that is very
much smaller than the observed maximum slope. The material is said to have be-
ccme saturated. Trhe relation between the magnetizing force or field intensity
H and the flux density B (or total flux &) is given by the mean or normal mag-
netization curve of the material. This curve describes the first basic non- =
linearity of a fsrromagnetic material, and is, in general, different for dif-
ferent materials. The ratio B/H at any point or the curve is known as the per-
maability or ordinary permeability p, and the slope of the tangent to the curve
dB/dH is called the differential permeability pgq. Other types of permeability
are sometimes defined.10 Evidently, permeability ies also a nonlinear function
of either the field intensity or the flux density. 8ample normal magnetization
curvse for three different materials are given in Fig. MRI-13350-a.

4

If the field intensity is reduced monotonically to zero, a somewhat
different curve is followed, ard usually at zero field intensity some residual
flux dendity remains. If cyclic variations of magnetigzing force are impressed,
the flux density is also found to vary cyclically, but according to a double-~
valued relationship. ¥he curve observed for very slow cyclic variations is
called the hysteresis loop of the material; iils area represents an energy loss
called the hysteresis loss.ll The loop represents a second basic ncnlinearity
of the body. Three sample loops ara shown in Fig. MRI-13350-b.

When the excursions of the fieid intensity are made very large, ithe
maximum available flux density 1is callsd ths saturation flux dsnsivy Bg; tiast
obtained at zero field intensity the retentivity Bw. The value of field in-
tensity required to reduce the flux density to zero is known as the cosrcive

force Hc.

If the frequency in the cyclic variation of H is stepped up from a
theoretical minimum of zerc {d-c¢ loop), the saturation {lux dsnsity remains
quite constant, but the coercive force apnpsars to increass i th frequency.
This widening of the loop is indicativs of additional enargy loss in the body;
the increase in loss above that due to hysteresis was formally attributed to
eddy currents which are set up in the matsrial as a result of electromagnetic
induction. Observed results of the eddy-current effect do-.not, however, com-

pletely agree with predicted ones, and it is now ganerally conceded that other

10 Ferromagnetism, by Richard M, Bozorth, pp. é-7.

= Principies of Electrical Enginesring. Timbie and Bush.
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factors are also responsibls. AL any rate, the total anargy loss is not
linear with frequency.l2 This effsct characterizes the third type of impor-
tant nonlinsar behavior encountered with ferromagnetic materials.

A fourth type of nonlimearity becomes apparsnt when the body is
heated., A1) ferromagnatic properties of the msterial; i.e., saturation, per-
meability, and hysteresis, exhibit variation with temperature. The permeability,
for example, may remain gquite ccnstant over a wide temperature range and then
drop sharply to a very iow value. For another material, there may be a peaking
of the permeatility vs. temperaturs curve at some point. All ferromagnetic
materials, however, lapse intc the paramagnetic state at sufficiently high tem-
peratures. The point at which this change oczurs is known as the magnetic
transition temperature or Curie point of the material.13 Sample curves ars
given in Fig. MRI--13350-c.

Altuough hysteresis, eddy currant loss, and magnetic transition were
introduced in the preceding paragraphs (because thcir understanding will later
be required, and because they are, afier all, basic ferromagnetic phenomena),
only the propsrity cof saturation need be considered in the case of tha low-fre-
quency (60 or LGC ;.y.s.) saturable reactor. High quality megnetic alloys
have been developed wnich exhibit very small hystarssis loss anc have Curie
points very far above the normal operating range; and eddy current lecsses are
kapt low by the use of thin laminations. These alloys often have the addi-
tional advantage of exhibiting very sharp saturation: the permeability changes
ian the ratio of several thousand to one within a very small range of magnetiz-
ing force. The magnetization curve has a practically square corner; the mater-
ial is known as '"sensitive".

The Saturable Reactor

The most elementary magnetic control circuit; the single-core satur-
able reactor, consists of a ferrcmagnetic core wound with N power or locad
turns, and with N: control turns., The load turns are connected in series with
a load resistor Ry, to a scurce of constant voltage a-c. The control turns are
comnected to a source of d-c voltage. A schematic diagram is showr in Fig.
MRI-13351-a.

Viewed in somewhat over-simplified terms, the reactence of the load
winding 1s a function of its inductance, which, in-turn, is a function of the
permeability of the core as given by the magnstization curve. This permesa-
bility may be varied by changing the d-c control current and thus the pre-
magnetizaticn cr value ot field intensity with no a-c applied. Control of
the load current may thus be realized.ll

e Bozorth, op. cit., p. 782, Fig. 17-8.

13 Bozorth, loc, cibL., p. T7i3. Also see AIEE Standard Definitions of Elec-
trical Terms (Louok) AIEE, 1942.

14 Study of a Direct Current Controlled or Saturated Reactor, by John J. Rose,
E. E. Thes:s June 1933, Polyte:nnic Instituls of Brooklyn.
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Tre gingle..core reactor is not useful practically, First, the vary-
ing flux in the core indutes large voltages in the control winding which cause
currents o circulate through contrel winding and d-c source unless a large
impedance 1s present in the conirol circuit to prevent the fiow cof such cur-
rents. When such an impodance 18 present and sufficiently large to make the
a-c component of zontrol circuit current negligibie, the control current is
said to be forced. and the type of circuii operation is designated as con-
strained magnetization. When the induced currents are permitted to circulate
Treely, however, the case is one of free magnetization.lS The free magnetiza-
tion (or free case) operation of the single-ccre reactor is trivial (&ince the
reactor would become merely a short—circuited transfcrmer), whils conetrained
oparation requires the use of very large chokes in the contrel circuit.

Secondly. the simple ssturable reactor follows the law of equality
of ampere-turns on an average basis, The gain on an ampere=turns basis is,
therefore; unity. Much highsr gains can be realized with the more practical
circuits.

Practical Magretic Amplifier Circuits

The seffect of the troubiesome voltages induced in the control wind-
ing may te readily eliminated by using either a two-core reactor circuit, as
shown in Mig. MRI-13351-b, or by usirg a ihree-legged consiruction for the re-
actor core (Fig. MRI-13351~c). In thne fi-st case, the induced voltages exist,
but oppose each other; in the second, no net a-c fiux links the d-c¢ winding at
all, so that the control winding has nc a-c voltage induced in it.

Both constructions have been used for industrial applications,

The ampere-turns gain of a saturable reactor circuit may be raised
from unity to very largs values (ideally tc infinity) by placing feedback
windings on sach of the cores. The external feedback or "Buchhold" type of
magnetic amplifier is thus obtained., The circuit diagram is given in Fig.
MRI-13351-d, PFeadback may be accomplishea also without the use of additional
windings by placing rectifiers in series with the reactors. The resulting
circuits are knowrn: as self-saturating, and asre szamplified by ths types known
as half-wave, full-wave, and doubler circuits. (See Figs. MRI-1335l-e, f,
and g.) The half-wave circuit uses onliy a single core, and thus is also not
useful from a practical viewpoint.

15 A Study of Self-Saturating Magnetic Amplifiers: Part I -~ Steady-State
Response of Half-Wave Circuit (ONR Contract N6 ori-98, Task Order 4) by

Edward J. Smith, Report R-229-49, PIB-174, Polytechnic Institute of
Brooklyn, p. 1.

16 A Study of Seif-Saturating Magnetic Amplifiers:¢ Part III - Influence of

Control Circuit Rasistance on Steady-State Performance (ONR Contract N6
ori-98, Task Order L) by Edward J, Swiith, Report E-231-50, PIB-176,
March 27, 1950, Polytechnlc Institute of Brookiyn, p. 2.

5
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Ths above listing includes tha most useful general-purpose magnetic
amplifier circuits. Many other circuits, and refinements of the above cir-
cuits, have been reported in the literaturel’?, but are usually intended for
spccial uses.

Methods of Analyzing Magnetic Amplifier Circuits

No single, universally applicable procedure of analyzing magretic
amplifier operation exists, but many individual circuit arrangements hsve been
solved Sy cna means or another, and the theoretical results are often in close
agreemer.t with the experimental observations., One method sometimes used with
success is analogous to vacuum- tube technique: it combines the use of a reactor
no-load characteristic and of load linss to predict performance at a given coii-
dition of 1cad.18 The load-line analysis is based on linear circuit theory;
and; therefore. the method appears to give the best results with laess sensitive
materials, since with these the high harmonics of the load current contribute
relatively little to its rms value. -

The more frequently used imethod of analysis is the dicrect solution,
in a more or les: approximate manner, of the ncnlinear eguations which describe
the system, Some of the approximations that are comnonly made will be given
below when this method is i1liustrated bty examples. One of the major difficul-
ties that is encountered is to find a satisfactory representation of t he core
magnetization curve. An accurate; but very laborious; process is a point-by-
point solution from experimentally obaserved magnetization data.l9 It is some-
what doubtful whether this type of solution is wrth the effort that must nec-
assarily be expsnded, since usually not the hysteresis loop, but the probably
less accurate mean magnetization curve is chosen as the working curve. In
addition, the salient features of analysis and performance tend to bsccme ob-
gscured in a mass of computation.

17 Numerous Circuits are listed and briefly analyzed in Magnetic Amplifiers
of the Balance Detector Type - Their Basic Principles, Characteristics
and-zigiréapigns, b~ W. A. Geyger, Irans. AIEE, Vol. 70, 1551. Also

pusiished in preprint as T-50-93.

18 Analysis of Trensients and Feedback in Hggnétic Amplifiers, by W. C.
Johnson, ¥. W. Laison, Trans. AiRE, Vol. 69, 1950, pp- ®0L-1Z2, also Elec-
trical Engineering, Vol. 69, April 1950, pp. 353-59.

19

This method i{s usad in the Ward-Leonard Electric Company Report, Theoreti.
cal knalysis of Factors Affecting the Design cf Magnstic Amplifiers, ty
Fﬁiiifrﬁggﬁihaj TContract N0 bs-45-3L0, Summary Report Task Order No. 1,
W.L. 8.0. L761176) January 1950.
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Other representaticns of the magnetization curve involve the use
of power series {usually with & finite number of isrms), of transcendental
functions, or of series of suca functions.20 Tne formerly populsr Froelich's
eQJationzi has been all but discarded. The nsatest and most elegant =ziu-
tions, however, are perhaps oblained when the curve is simply approximatad
by a series of straight 1ines.22 Three line segmen:s are often considered
sufficient to describe the mean magnetization curve of sensitive materials;
four to approximals the hysteresis loop. FMigs. MRI--13352-a, b, and ¢ show
various strazaght line repressntaticns. The curve of Fig. MRI-13352-c indicates
an ebrupt change in differentisi permeability from infinity to zero at the in-
stant of saturation, No known ferromagnetic material, of course, displays such
characteristics; the curve is, therefore, attributed to a hypothetical ideal
magnetic amplifisr material which 1s taken to be the limiting case of sensi-
tive materials.

Results of satistfactory accuracy have been obtained by use of all
of the above representations, particulariy, of course, when good agreement
exists between the assumed curve and the actual magnetization data of the
material. The straight.iine approximations, best suited for sensitive materi-
als, have the additional advantage of yielding solutions of great neatness and
simplicity, Althocugh the straight-line mean magnetization curve methcd is un-
fortunately not adequale for solution of the rather difficult casec of the high-
frequency amplifier operated frcm a high-impedance suprly, it will later be
applied to some new amplifier circuits, and it is, therefore, deemed advisable

- - Iy +
to offer some illustrative sxamples at this pocint.

Examples of Magnetic Amplifier Analysis

The principles outlined abcve w#ill now be applied to obtain the per-
formance of ti.2 single-core saturable reactor and of the half-wave circuit.
Although neither circuit is practically useful, their analysis clsarly demon-
strates the salient features of the theory, and will serve as an adequate
model for the analytical study of the novel circuits introduced in Chapter IV.

e0 See source :Zited 1n feotnote 15; Appendices "A¥ through "C" for Computa-

tions with Cubic, fifth order, and Sinh Functions.

21 Timbie and Bush, cp. cit.

2e Ussd, for example, by Th. Buchhold: Zur Theorie des Magnetischen
n

Verstarkers, H. F. Storm: Transieni Response of Saturable Reactors with
Rssistive Load; Walter Esseimany Straight Line Analysis of Full-Wave
Magnetic Amplifier.
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Cass 1. The Single-Core Saturable Reactor

Consider the circuit shown schematically in Fig. MEI-13353-a. The
circuit, as shown, represents a rather general case: it will be reduced by
successive assumptions to a very mch simpler form. Using abbrevistions as
given in the List of Symbols, znd applying Kirchhoff!'s and Amperet!s laws, we
may write for the load mesh:

. 1 dd
wit) « L9 L pen®® (1)
dt dt
and for the control mssh:
di
vith = L —= + R1 4 Ncﬁ (2)
© at < dt
and finalily for the magnetic circuits:
- - Ni )
.4, Ni o+ N1 (3)

Making the assumptions, {a, tiiat the amplifier is excited by a con-
stant voltage source Vy sin wt and controlled by means of a variable d-c source
E,, (b) that the linear inductance I in the load circuit is negligible, and (c)

that the control mesh inductance L, is large enough to insure propsr constraint
of the amplifier, we may write:

. dé
V sinwt = Ri + N — la
m 50 dv - (1a)
Ec = RI, (2a)
and .
A, = N+ NI . (3a)

Assuming finally an ideal magnetization curve for the amplifier cors,
we may proceed to obtain a solution for the load current in the following
manners:

Let attention be restricted to the mode of operation in which the
amplitude of the fiux excursions produced by the applied a-¢ alone is always
less than tne saturation flux ¢g. When this condition exists, and when
furthermore the control current I, = O, the ideal nagnetization curve requires
that the load current also be zerc at all times, This may oe seen from Eq.
(3a), which reduces to:

H = 0 - }-’i (3")

BN SF )
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under the given restrictions. In an aztusl circuit, an exciting or magnetizing
current Iy will flow. This currsnt, however, is small and practically inde-
pendent of the contrcl current.

When some nonzero value of I. 18 crused to circulate in the control
mesh, the core will be saturated over part of the cycle, the flux will be
foresd to remain constant at its saturation value, and Eq. (la) yields:

v
i = ™ sin wt (L)
R

Current continues to flow in accordance with this expression until some time
t;, when flux begins to decay in the core. t] may be found from Eq. (4) as:

. Ri-
Ry
‘1 = 551‘“ (vm) (ha)

lux variations can only occur, however, when H = O, and Eq. (3a) therefore in-
dicates tha%, whenever the core is unsaturated:

Nc
O (s)
N
It is possible to obtain an expression tor the fiux change in the core by inter-

grating Eq. (la) from the desaturation time t] as the lower limit to any time
t as the upper. There results for the flux at the time t:

Ry

\'f
¢ - & - E" (cos wt - cos wty) - Ty (t-ty) (€)

The saturation time tg may now be found by letting ¢ = &g and t = tg in (&)
and solving the resulting transcendental equation by any suitable method. It
is possible to show that the quantity Vm/zﬂ 1s exz2ctly ecual {o the amplitude
of the gymmetrical flux excursions occurring when I¢ = O; and, henceforth, the
substitution ' S )

N m (M
will be used without further explanation.

For steady~state operation, integration of (1a) yields the further
rasult that the load current has a cyclic average value of zero. On the other
hand, when two cores are ussd, and when the load current is expressed in mean
values over a half-cycle, there obtains:

IN = IN (8)

cc
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This is the law cof equality of ampere-turns referred to previcusly323 and in-
dicates that a straignt-line relationship of slope N./N exists betiween load
current. measured on a half-.cycle averags basis and control current.

The sclution of the saturable reactor circuit is now sufficiently
complete for the illustrative purpose for which it was intended., Lcad current
and flux waves have teen mathematically describad, and can be sketched for any
given value of I,. (See Figs. MRI--12353b, ¢.) In addition. a measuras of the
performance of the circuat, a relation betwesn output and input quantities hag

heen giveu, Such a cirve, whether theoretically or experimentally determinad,
is known as a transier characteristic or trausfer curve of the amplifier. 1Its

slope is calied the gean of tne devize. When load current is expressed in half-

cycle average values, the ampere-turns gain of a saburable reactor is evidently
unity. (This holds for the limiting case:; for actual smplifiers the gain is
always slightly less.) A transfer curve of a saturable reactor is shown in
Fig. MRI-.13353-d. It will be noted that the indicated linear relatiocn between
control and losd currents existes only within a limited range. For larger ccn-
trol currents the corve remains completely saturated; and the load currant is
determined snlely by the applied voltage and the load resistance.

Since ail components of the saturable reactor circuit are entirely
symmetrical in their characteristics. the transfer curve displays symmetry
about the ordinate.

Case 2. The Half-Wave Circuit 2%

It was mentioned in the section on Practical Circuiis, amplifier gain
may be increased above the smB1ll value realized in a simple saturable reactor
oy the use of positive feedoack.25 Analysis of feedback circuits based upon
the ideal magnetization curve yields the resuit that a feedback ratic of unity
leads to infinite amplifier gain. (In actuel circuits somewhat larger ratios
are required to accomplish this result.) Since the half-wave circuit is, in
fact, a 100% feedback circuit, the i.==: analysis must pradict infinite gain.
Another method the so-called firino-noint analysis; leads tc resulis mere
nearly in accord with experiment.al cbhsarvations, and this spproach will, there-

fore, be ussd in the present instance.

Consider the circuit of Fig. MRI-1335L4-a2 in conjunction with the mag-
netization zurve cf Fig. MRI--13354-b, and the assumed rectifier characteristic

?3 Geyger, op. cit.

21, .

“4 The Analysis of the Half-Wave Circuil is given in much mcre complste de-
teil by E. J. Smith in Part T of A Study of Seif-Saturating Magnetic
Amplifiers, op. cit.

~r

>

Geyger, op. cit.
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of Fig. MRI-13354-s. Note that the rectifier 1s Laken to be zn open circuit
when a negative vo.tage exists across its terminals: it allows no reverse
current flow whatever. In the forward 2iraction it exhibits a certain con-
stant res:stance Ey.

The equation fur the load mesh may be written as:

Vmslnum=Ri*N%%¢sx (

D
~

while for the control circuit we have:

) I = 2 (10)
c N
c
and for thwe magnetic circuit of the core, there applies:
H1 = N + NI, (11)

Because of ths presence of the rectifiser, regative current can never flow in

the jcad circuit; but it is important to determine whether or not the load

current can flow continuously under any conditions of circuit operaticn. If :
we assume that this is possible, then for all time:

8, =8, = i Rf 5 (12)

and integration of EQ. (9) over a complete cycle leads to the result:

0 = (R+R) T (13)

Load current can therefore flow continuously only in a loseless currsent.

The procsss of solution can now be initiated by first considering
the portion of the cycle, say between time t, and time t;, during which the
load current is continuously zero. In this intervai, Eq. (11) vields:

Hle = ¥l ) (11a)

Since “he load current can only be positive or zerc, it follows that Ho is the
smallest possible value of field intensity that can occur. The assumed mag-
netization curve may e used to reiate Hy to the corrasponding value of flux
$y, and the flux must remain at this minimum point untii, at t1, the ioced
current again goes positive. Due tc the steep slope of the unsaturated por-
tion of the magnetization curve, however, it remains negliigibly small until
saturation occurs, at time tg., Under this approximation, Integration of

Eq. (9) results in:
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- \- = =
(@8 ®) - a (1 - cos wts) {(1k)

which may be solved fcr the saturation time tg4.

After saturation, no further flux change occurs, and (9) yields

Vm sin «t

R + Rf

The load current wave thus consists of truncated half-cycles of a sine wave,
and resemtles closely the plate current of a thyratron with resistance load.
The wave shape is sketched in Fig. MRI-1335L-d.

It is possibla, on the basis of the sbove work, to develop many
other expressions descriptive of circuit behavior,2° but for the present pur-
poses {illustrations of methods of analysis) it will suffice to obtain a sin-
gle additional result: the gain of the amplifier. It may be assumsd for many

materials that the unsaturated portion of the magnetization curve is a straight
line, i.e., that:

4% = mpH (18)

It can be shown27 that the follcwing relation holds between the average load
current and the centrol current:

-

f mNN

= ) 17)
(R*Rf)lm

> |
—

(o

The ampeve-turns Jain GH then is given by:

= 2
a(N_ I.) (R+RGIL
Since mNz/lm is the unsaturated inductance c¢f the core, we may write
= £fL
C - (18a)

6T L

‘.I.

26 E. J. 8uith, loc. cit.
21 For a collection of data, szes Bozorth, op. cit. Also includes extensive
bibliography.
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Note that Gjj bears some similarity to the Q of a coil. The equaticn
indicetes that Gy, exactly as Q, should rise linearly with frequency. It is
well known, however, that the Q of the actual coils behaves otherwise; first
increasing with frequency, then remaining nearly constant over a more or less
axtended frequency range, and finally decreasing again. Experinental data
will later be used to show that Oy exhibits a similar behavior.

Sample gain curves of the half-wave circuit are given in Fig. MRI~-
13354-e. Symmetry about the losd-current axis no longer exists, but the curves
are generally shifted to the left of that axis and the portion to tne right of
the minimum point also shows a much larger slope than that to the left. In
view of the shift, it is necsssary to use an extra bias winding and supply if
it is required that minimum load current bte dslivered at zero control current.

Measures of Amplifier Porformance

Sc far, tne ampere-turns gain and the current gain have been intro-
Quced as criteria by which amplilier performence can be evaluated. Other
criteria exist. The power gain Gp is frequently given. Tt is the ratio of
load vower to control power, aud i3, as the arpera-turne gair, guite constant
over itne useful range of operation. Another sSignifi.ant quantity is the time
constant 7. If a step change is made in the input, the output will also change,
but not instantaneously. Briefly, the time constant is the time required for
the output to reach 63% of the final change. The time constant in cycles, 7,
1s the time constant in seconds multiplied by the source frequency. Scmetimes

a figure of merit & is used, and 1s defined as the ratio of power gein to time
constant in cyclas.

The Influence of Magnetic Amplifier Compcnent Characteristics Upon Per-

formance
i)
o~ -~ - et o - - L ey 4 P o3 e d = -
A ccnsiderabls literaturs sxists on ths subject of tnis headir ing,
although disc _ssic"° arc oftsn subcrdinatsd to sxpositions of p rinc ip*sg an
ss b

methods, and are used principally to justify discrepan
and observed results., This attitude is understandable in visw of the fact that
the best avallable compcnieats for low-frequancy amplifiers are so very nearly
ideal. The small residual deviations from the ideal produce effects which are
of second-order importance in all normal cases of operation,

As the frequency of signal (and carrier) is increased; howevsr, these
very deviations attain increasing importance until they finally become major
factors in determining the performance of the amplifier. They rmust conseguent-
ly be examined, at least qualitatively, before ths problem of the high-frequency
amplifier can even be approached. ‘

The amplifier components tc be examined in turn are the reactor, the
rectifiers, the source, and capacitors (which are sometimes rresent).
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POTRCATIES 35T )

(1) The Reactor

It is by now amply evident that the saturable reactor is the heart
of all magnetic amplifier devices, and thereiore deserves first consideration;
and the heart of the saturable reactor is its ferromegnetic core. The wind-
ings are of ccurss sssential parts, but it will be assumed that, in the fre-
qQuency range under consideration, their properties are true constants, i.s.,

that skin effect is nagligible, and also that distributed capacitance is unim-
portant.

With regard to the core, it must be further assumed that the only
phenomena that need concern us are those listed in the section on Fundamental
Considerations, namely, saturation, hysteresis, eddy currents, aud magnetic
transition. A host of others has been observed and reported in the litera-

ture .27 Magnetosgtriction, magnetic skin effect, the Barkhausen effact, and
the influence of core geometry are but a few, rather well-known examples. A
recently published work cf encyclopedic proportions28 is aveilable to the
reader interested in these more advanced aspects of the science of ferromagne-
tic materials. But it is the duty of the engineer tc winnow the chaff from
the wheat, and the above-mentioned subjects simply cennot be furthser discussed
within the limits of this report.

Although it will later appear that the addy-current problem and the =
associsted question of core material resistivity is of small significance in
determining the performance of high-frequency amplifiers, it plays ¢ great
part towards indicating the proper choice of core materials and design. It is

therefore, esssntial to examine this problem rather closely.

Ordinary traneformer thecry indicates that flux changes within a
magnetic core induce emf's which act so as to produce current flow within the
conducting portions of the core itself. These eddy currents react back upon
the source which produces them mainly in the following ways: (1) the effective
permeability of the material is reduced, (2) the energy loss in the naterial is
increased, and (3) there is a time lag betwsen the field strength and the
corregponding induction (flux density).29 Although undcubtedly the first and
third of these effects are important in their influence upon performance; it
is the eddy current energy loss which establishes an upper limit to the useful
frequency range of any given core.

b

ne

' for a collection of data, see Bozorth, op. cit. Also includes extensive
bibliography.

28 Ibid.

29

920 E};EO) E' 769'
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When it is assumed that the given material has permeability and re-
sistivity independent of veriation in both space and time coordinates, it
becomes possible to solve Maxwell's equations, at least for certain geometries
and time variations of applied iield. This yields the result that the power
dissipated by the flow of eddy currents is inversely propovrtional to the re-
sistivity £ of the material.3V For enginesring purposes, this resistivity
will generally be teken 28 the effsctive value for the entire core, and this
value may differ considerably from that intrinsic to the material itseii. The
quality of the insulating material betwesn laminations or magnetic particles

et

wiil be of prime importance in determining this difference.

As was mentioned sarlier, eddy currents also cause a widening of the
*hysteresis" loop. The observed dynamic loop thus cannot yield the actual re-
lation between the instantansous core flux and applied field. A method for

- correcting the chserved loop to eliminate this effect has been proposed.

Occasionally it is found desirable to calculate simultaneously with
the magnetic and 1css characteristics of the material. One approach to thie
rroblem has besrn %o postulate a complex permeability.32 .iis method appears

tc enjoy considerable popularity in Germany, but is used very seldom in this
comtry.

Now, it 1s obvious that any power dissipated through the agency of

eddy currents must be supplied from the power source itself., This will necessi-

tate a flow; in the load winding, of current relatively independent of control
>wrrent. Generally speaking, the result will be to increase the minimum possi-
ble vaiue of load current, to decrease the efficiency, and v alter the wave
shape of the amplifier cutput. The sclution of Maxwell's equations also in-
dicates that eddy-current power loss increasass as the square of the frequency
of the applied field variation. The effect of increasing frequency is thus to
aggravate all problems connectad witn eddy currents. To sum up, the overall
effects of eddy curients are (1) to decrsase in the available range of ampli-
fier operation caused by an increass in minimum possible load current, (2)

a decrease in amplifier efficlency. and (3) distortion. It may be concluded
that high eddy currsnt losses are incompatible ‘with good amplifier performance.

With regard to saturation, any deviation in core cheracteristics
from the ideal will adversaly affect the performance. Nc sxplicit relation
exists, but experience has shown that the most nearly ideal core materials
offer the highest amplifier ga:ins; and that gain decreases as the magnetiza-
tion curve exhibltg incressed rounding at the lmee, and smaller glope in the

e

30 Magnetic Circuits and Transformers, Members of Staff of MIT Department of
Eﬁecf;iuai-ﬁhglreerlngy‘Chapter V, John Wiley & Sors, N. Y. 1943. Also
Bozorth, op. eit.,, Chapter 17.

3 Predeterminztion of Control Characteristics of Half. Wave Self-Saturated
Magnetic Amplifiers, by Henry Lehmann, Trans. AIBE, Vol. (0, 1951. Alsc
publishad as Tochnical Paper 51--387.

32

Richard Feldtkeller, Einfiuhrung in die Theorie der Spulen und Ubertrager
mit Eisenblsch kernen, Second Edifion, §. Hirzel Verlag, Stnttgart, ggl@.
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unsaturated region.33 It should be noted that design considerations indicate
that low-frequency arplifier cores should exhibit large Bg, but this require-
ment 1s based upon cenditions external to the reactor itself, For the high-
frequency amplifier the requiremenv appeais to be the exact opposite,

Hysteresis loss produces abocut the same effects as eddy-current louss
in influencing performance. It depends, however, more nearly upon the first,
rather than the second, power of the frequency, and is apparently littils in-
fluenced by the core geometry. Whereas eddy-current power loss may be greatly
reduced by properly laminating the core structure, hysterasis loss cannot be
materially changed. Being largely beyond the control of the engifieer, the de-
sirable reduction of hysteresis losses is more properly an objective oi the met-
allurgical field.

Magnetic transition, finally, is potentially the source of the most
radical changes in performanes. Fortunately, the commonly used oore materials
have Curie points far ahove the normal ambient temperatures., It is possible
to conceive, however, of an amplifier in which hysteresis loss is guite large
and the Curie point quite low. In such a case, a fortuitous combination of
circumstances might easily cause the core to pass into the paramesgnetic state.
Tt will be seen that high-frequency amplifiers can undergo such changes., The
interaction between hysteresis loss and temperature change in magnetic charac-
teristics is also capable of initiating transients in the output, in other
words, noise. This question will be discussed more fully in a later section.

(2) The Rectifiers

As 1n the case of the reactor core, attention must here also be re-
stricted to a few of the most outstanding rectifier properties, those of for-
verd and reverse resistance, and of self-ﬁapacitance. Numerous other phenomena
have been encountered in this case also.3

The requirement that the rectifier forward resistance shall be
several times smaller than the load resistance to bs ussd is almost too trivial
to mention, were it not for the fact that high frequency rectifiers tend to
have very high forward resistances. It is clear that circuits employing recti-
fiers in external or self-feedback loops would functioh very inefficlently if
the rectifier forward resistance were at all comparable in value with the load
registance. In addition, the gain of the half-wave circuit and those based
upon it depends inversely upon the value of total a-c mesh resisiance. (See

33 See publications by A. G. Hilnes, Entries 7L8, 825, 896, of the Miles
bibliography. Also, Lehmann, op. cit. ' :

1) P
e Metel Rectifiers (book) by H, K. Henisch, Oxfcrd (Clarendon Prass) 1$49.
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p. 16.) High rectifier forward resistance thus redices both the efficiency
of circuit operation and the amplifier gain.

The reverse resiastance, on the other hand, should be as high as
possible. (In the ideal case, irfinlts raverse resistance is postulated.)
The closest approach to such an idegl rectifier is a vacuum-tube and, indeed,
vacuum diodes have been used for experimental work where it was essential that
rectifier leskage be almost completely absent.35 The practical amplifier is
often built for service too strenuous for ths vacuum tube and, consequsntly,
metallic rectifiers are made use of. Such rectifiers always exhibit reverse
leakage, although the reverse resistance may be very high.

Flow of lsaskage current will, in generaj, reduce amplifier gain.
In the half-wave circuit, for example, leakage current fiows during the time
when the core is premagnetized or *set" for the next cycle, and it Jlowg in
such a direction as to demagnetize the core.36 In addition, it slightly re-
¢uces the average value of load current, but this effect is small in compari-
son to the demsgnetization.

Rectifier self.capacitance is perhaps the most impcritant from the
viewpoint of the high-frequency amplifier, as it not oniy affscis the per-
fermance zi all frequencies, but aiso establishes an upper frequency limit to
the usefulness of any givenr rectifier type. The exact sffect of capacitance
is not readily described, however, as experiment shows that, in a given cir-
cuit, the presence of condensers in parallel with the rectifiers may actually
increase the amplifier gain. However. whar the shunting capacitancs becomss
excessive, the gain is always reduced.3? Eventually the amplifier ceases to
be useful. For 60 c.p.s. amplifiers, for example, shunting capacitances
larger than 1 or 2 microfarads might make the gain impractically low. Now,
measurements on selenium cells "indicate a capacitance of about 0,02 micro-
farad per squares cerntimeter of rectifying area",3® and. consequently, it is
to be expected that selenium cells of the normally availabie sizes will lose
their usefulnsss at frequencies rather less than 10 kez, In fact. one anthor
states that the capacitive effect (he appare n+11 takes this to be simply a
demagnetizing effect like that of lsalsge) with scncitive emplifiers operated

3 Lehmann, op. cit.

36 —~ - o = : - Lo ooy . A\ J 3 T3
The Use of Selenium Rectifises in Self-Saturating Magnetis Amplifiere, by
J. R. Conralh, Electricai BEngineering, January 7952, Pr. bl-54.

37

.he Influence zf C 3:__Pacﬁt,«.rxce Variation Upon the Periozgan c{ the Self.-
Saturating Magnatic Amplifier, Chang Yun, M.E.E. Thesis, Folytechnic
Instituta of BronETvn June 1962,

38 Conrath, op. cit.
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2
from a 400-.cycle power supply is sometimes greater than that of leakage.’9

{3} The Powar Supply

By far the greatsr portion, as v have seen, of core and rectifier
ndary properties adversely affect magnetic amplifisr performance. As has
1 stressed previcusly. the effects are largely negligible at normal power

oo

CcO
~
T Ol

C)" ]

freQLencies, and becoms important only as the audic-range is gpproached. Their
elimnatisn, howaver, 1s closely dependent upcn the dovelopment of intrinsically

betier high-frequency core materials and rectifiers, and in this province the
electrizal engineer must usually follcw the lead of the metallurgist and the
solid-state physicist, But there exists yet another, and major, obstacle to
the construction of satisfactory high-frequency magnetic amplifiers, and that
is the lack or suiteble power suppliies. This problem is entirely within the
field of alectrizal engineer;ng and, as the develorment of practical h-f am-
plifiers apoareHUAy hinges on its solu**on, much more attention will probably
have to be devoted tc it than it has been given in the past.

The statement Jhat amplifier performance is clnsely related to the
characneristics of the power supply would be a trivial truism, were it not
indeed the case that this obvious fact has become obscured ia the majority of
the papers written on the subject. To the best of the authort's knowledge,
the assumption has been made in every treatment of the amplifier that the

supply was of the constant voltage type characterized by low (or zero) internal

impedance. In the case of 60-cycle amplifiers, which commonly operate either
directly. or through good, low-regulation, transformers, from the power line,
this assumption is, of course, fully Jjustified. Because it is so well Jjusti-
fie.;, and so often used, it has so much become a matter of habit that it is
occasionally not even mentioned. An example of such omission is the AIEE mag-
netic amplifier definition itseif. (8ee p. 5.) That definition can logically
lead an intelligent layman well versed in the rulss of grammar to the obvious-
1y fallacicus conclusion that a set only of satuwrable reactars can constitute

A wmamsemc .t e amnld £ o
> “‘%‘ Vet )\ e 11 r"-“ - i

Because of the almost universal —se of the above -assumption, am-
plifiers cpera'=d from other types of sipplies have never, to the best of the
authorts information, been studied or reported in the literature, BExternal
conditions, however, may sometimes dictate the use of other than constant

A . P 0»4 dl e nAans b ndl A~

VOu vage -S_Lpp 1€3. and wisrsiidrs the coensideraticn of Egurcs characleristics
appears to be much mare than merely academic in interest.

Let 28 see what types of supplies in addition to the constant-vel-
vage unss that ars usually postulated might bte encountered in practice.
Broadly spsaking, we shall find soma that can be represented as combinations

39

itidg.
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of entirely linear elements, and thus subject to Norton's and Thsvenin's
theorems; and others that saturate in some manner or other, and thus possess
nonlinear characteristics. All physically realizable supplies are of course,
strictly speaking; in the norlinear group, but may closely aporoximate linear
behavior over some range of oparation. Conversely, supplies that show definite
nonlinearities when employed over the full normal operating range may be linear
over small portions thereof. Vacuum tube supplies tend to fall into this last
catagory. .

The two limiting cases of linear supplies are the ccnstant-voltage
gero-impadance, and the constant-current, infinite-impedance, types. It is
easy to predict the effect upon tha performance of any conventional amplifier
circuit when its normal ccnstant-voltage supply is replaced by a constant-
current supply: it will cease to amplify. The action of ncrmel amplifier
circulis depends upon the ability of the reactor to affect the value of load
current, and this is manifestly impossible when the current supplied must re-
main a constant. Some circuits could not even be 3afely connected to a constant-
current supply: The rectifier in the half-wave circuit, for example, would be
destroyed by attempting to interrupt the supply curr«nt.

This complete failure of conventional amplifiser circuits to operate
from a constant-current supply is but an exireme e:cample of the influence of
supply characteristics upon amplifier performance. Consider another, more
realistic, but also more difficult example, that o a supprly which can be re-
presented as a true voltage source in series with a constant resistance Rg,
connected to an iron-cored coil. PFor simplicity, all leakage flux will be
neglected, so that the equation of the system may be written as fcllows:

e i d® (i, t) o
v, 8in wt Rg i(t) + N = . (19)

It i8 desired to find the wave shapes of current, flux, and coil voltage.

Since the equation is nonlinear, no siraignt-forward method of solu-
tion is possible. In this case, a method of successive approximations was de-
cided upon. It is first assumed that = 0. The flux and coil voltage will
both be sinusoidal, but the current will already be distorted. A commen
graphical constructionlO may readily be used to obtain the current wave shepe.
It would now be possible to rasclve thls current into a Fourier series.of its
component harmcnics, but it was considered simplsr and possibly more accurate
to carry out the entire process graphically. The next step is to multiply the
current 1(t) so obtained by Ry, and to subtract the resuliing IR term from the
supply veltags. This yields the first approximation te the reactor veltage
Vy,. Sincs the hysteresis loop requires a knowledge of the flux before a second

oY

¢

Magnatic Circuits and Transformers, op. cit., p. 171. Also Flectrical
Machinery, by M. M. Liwschitz-Garik and T. C. Whipple, Voi. IT, New York,
D. Van Nostrand Go., 15L6.




R-329-53. FIB-265 23

approximation te the coil current may be constructed from it, it 15 now
necessary to integrate the reaztor voltage function. This is done graphically
by summing areacz. The first graphical construction is now carried out for a
second time, and thus second appreximations to ccil current; and voltage, and

a third approximation to the flux wave are obtained. From here on, the process
is repeated as many timss as is necessary tc cbiain wave shanes which no longer
changs sppreciably under successive approximaticns. The main steps and results
Jf the process are indicatec in the various parts of Figs. MRI-13355 and MRI-
13593. Fortunately. the second approximation to the coil current so nearly coin-
cided with the {irst atteiipt that it was deemed unnecessary to continue t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>